Background. Cardiac cells display rate-dependent beat-to-beat variations in action-atential duration (APD), action potential amplitude (APA), and excitability during periodic stimulation. We hypothesized that quinidine causes a marked increase in the variability of APD, APA, and excitability of ventricular cells isolated from quinidine-toxic, arrhythmic ventricles.
Background. Cardiac cells display rate-dependent beat-to-beat variations in action-atential duration (APD), action potential amplitude (APA), and excitability during periodic stimulation. We hypothesized that quinidine causes a marked increase in the variability of APD, APA, and excitability of ventricular cells isolated from quinidine-toxic, arrhythmic ventricles.
Methods and Results. Action potentials were recorded from right ventricular endocardial tissues (2x 1 cm, <2 mm thick) isolated from dogs in which ventricular tachycardia and ventricular fibrillation (VT/VF) were induced with intravenous quinidine (80-100 mg/kg) over a 5-hour period in vivo (n=7). As the basic cycle length (BCL) of stimulation was progressively shortened, rate-dependent variations in APD and APA occurred. The initial dynamic change was alternans of APD and APA that could be either in or out of phase between two cells. The magnitude of alternans was a function of the BCL and the strength of the stimulation current. At critically short BCLs, irregular APD and APA behavior emerged in the quinidine-intoxicated cells. In control cells (n=16) isolated from three nontreated dogs, APD and APA remained constant at all BCLs tested (2,000-300 msec). Quinidine increased the slope of the APD restitution curve compared with control. The observed quinidine APD restitution curve was fitted with a biexponential equation, and computer simulation using the fitted restitution curve reproduced the aperiodic APD seen in the quinidine toxic cells during periodic stimulation. Thus, the observed irregular APD behavior was predictable from the restitution curve.
Conclusions. Quinidine toxicity increases the temporal and spatial variability of APD and APA in the ventricle that may promote the initiation of reentrant VT/VF in vivo. The slope of the APD restitution curve provides a method to quantitate inhomogeneities in repolarization time and could be a useful marker for proarrhythmia. (Circulation 1993; 87:1661 -1672 KEY WORDs * action potential duration restitution * bifurcation * proarrhythmia * chaos quinidine Sir Thomas Lewis observed in 1911 that "heart alternation occurs under two circumstances. It is k, seen when the cardiac muscle is not of necessity altered structurally, as an accompaniment of great acceleration of the rate of rhythm. It is also found when the pulse is of normal rate, and under such circum-stances the muscle is either markedly degenerate or the heart shows evidence of embarrassment as a result of poisoning or some other factor."
Although Lewis'l experimental observations were made more than 80 years ago, the importance of beat-to-beat changes in cardiac cellular electrical activity became appreciated only recently. It (APD) and/or action potential amplitude (APA). [3] [4] [5] The development of such beat-tobeat alternations is termed a bifurcation.3 It has been hypothesized that such bifurcations could promote temporal and spatial cardiac electrophysiological heterogeneity that in turn could facilitate the induction of reentry4 and might be the cellular mechanism of druginduced proarrhythmia. 4, 5 Bifurcations and irregular cardiac action potential properties including APA, APD, and cardiac excitability were also observed during regular pacing under conditions simulating various diseased states.5-7 These experimentally observed irregular cellular electrodynamics were also reproduced using computer simulation of realistic cardiac cell models in which the slope of the APD restitution curve was increased to specified levels.5-8 Although these isolated tissue studies have strongly suggested that such irregular cellular dynamics may be potential mechanism(s) for reentrant arrhythmias in the situ heart,4'5 there exists no report at present that has shown the presence of irregular cellular dynamics in cardiac cells isolated from in situ arrhythmic ventricles. Furthermore, the presence of irregular cardiac cellular dynamics during drug-induced proarrhythmia also remains undefined. Consequently, the purpose of the present study was to determine whether ventricular myocardial cells isolated from in situ drug-induced arrhythmic ventricles manifest alternans and beat-tobeat irregular action potentials (bifurcation) during periodic stimulation. The results indicate that ventricular myocardial cells isolated from quinidine-induced arrhythmic ventricle do manifest bifurcations and irregular action potential dynamics that may predispose to ventricular tachyarrhythmias in vivo.
Methods

Surgical Preparation
Ten mongrel dogs were anesthetized with intravenous sodium pentobarbital (30) (31) (32) (33) (34) (35) The isolated tissues were mounted in a bath with the pinned endocardial surface upward and were superfused with Tyrode's solution maintained at 36.5+0.50C at pH 7.4+0.02. Three similarly prepared tissues were isolated from control nontreated dogs. The Tyrode's solution was gassed with 95% oxygen and 5% nitrogen and had the following millimolar (mM) composition: NaCl 135, KCl 4.5, NaH2PO4 1.8, CaCl2 2.7, MgCl2 0.5, dextrose 5.5, NaHCO3 12 in triple-distilled deionized water.14 Both the tissue bath and the Tyrode's stock solutions were continuously gassed with 95% oxygen and 5% nitrogen. The preparations were first regularly stimulated at 1,000-msec basic cycle length (BCL) with bipolar silver electrodes that were Teflon coated except at the tip (0.12-mm diameter).
Transmembrane action potentials were recorded with machine-pulled, glass capillary electrodes from the most superficial ventricular muscle cells (i.e., two to four cell layers deep) because the most superficial (one to two cell layers) are made of Purkinje cells.14,15 Unless otherwise specified, the stimulus intensity was twice diastolic current threshold with 2-msec duration and was applied within 1 mm of the microelectrode. The effects of different BCLs of stimulation (spanning 2,000-250 msec or until block was reached) and in some cases the effects of increasing stimulus current intensity on APD, APA, and excitation patterns were then evaluated. In four of the seven quinidine-treated tissues, two simultaneous action potentials from two different cells along with an extracellular bipolar electrograms (6USCI) were recorded from the endocardial surface. The two microelectrodes were placed close to the two poles of the bipolar electrode. The line connecting the stimulating electrode, the two microelectrodes, and the two poles of the bipole was parallel to the long axis of the superficial endocardial fiber orientation. The distance between the stimulating electrode and the proximal recording microelectrode was < 1 mm.
The protocol of the study consisted of recording sequentially from superficial ventricular muscle cells at multiple sites (seven to 
Quinidine-Induced Ventricular Tachyarrhythmias in Intact In Situ Hearts
Three of the seven quinidine-treated dogs developed VF, one spontaneously and two during pacing at 500-msec cycle length when the total cumulative dose of quinidine was 100 mg/kg. Two of the remaining five dogs developed runs of nonsustained and sustained (>30 seconds) VT when the total dose of quinidine was 80 mg/kg. In the remaining two dogs, a slow, wide QRS "agonal" rhythm (rate, 60 beats per minute) was induced when the total cumulative dose of quinidine was 100 mg/kg. The systolic aortic blood pressure during these terminal rhythms was 45±5 mm Hg and diastolic aortic blood pressure was 30±4 mm Hg. Quinidine plasma levels at the time of removal of the hearts NORMAL 'd2000
ranged between 45 and 74 ,ug/mL, with a mean of 54± 21 ,ug/mL (mean±SD). When ventricular tachyarrhythmias developed, the hearts were rapidly removed and placed in cold (40C), oxygenated Tyrode's solution for isolated in vitro microelectrode studies.
Steady-state Action Potential Properties
Both depressed fast-response (with resting membrane potential [RMP] between -75 mV and -66 mV) and slow-response (with RMP more positive than -65 mV) ventricular muscle cells were recorded from the superficial endocardial ventricular muscle cell layers. No ventricular muscle cell with RMP more negative than -79 mV could be recorded from the quinidinetoxic tissues. At relatively long cycle lengths of stimulation (>1,000 msec), each stimulus was followed by an action potential that had a fixed morphology in both fiber types. Table 1 describes action potential properties of the two quinidine-toxic cell types and the control nontreated groups of ventricular muscle cells.
No spontaneous diastolic depolarization or automatic activity either in the form of early or delayed afterdepolarizations could be observed or induced in any of the quinidine-intoxicated cells at all BCLs studied (2,000-300 msec).
Dynamic Action Potential Properties
Alternans versus frequency of stimulation. As the cycle length of stimulation was progressively decreased, the constant one-to-one stimulus response pattern (seen at relatively longer cycle lengths of stimulation) disappeared, and alternation of APD and APA emerged instead. These alternations depended on the frequency of stimulation and on the type of ventricular muscle cell studied (i.e., depressed fast-response versus slow-response fibers). Figure 1 illustrates the emergence of such alternans in a fast depressed cell as the stimulation frequency is increased. In APD100, action potential duration for 100% repolarization;
APA, action potential amplitude; BCL, basic cycle length. BCL-dependent changes of APD and APA in both cell types and differences at a given BCL between the two cell types are all statistically significant (p<0.05).
increased. 22 In normal nontreated ventricular muscle cells, repetitive stimulation at a BCL of 1,000-300 msec (or until block) induced no locking pattern. The 1:1 response pattern was observed in all ventricular muscle cells (n = 8) studied until failure of capture occurred.
Frequency of Stimulation and Aperiodic Cellular Dynamics
At a critical BCL of stimulation, quinidine-toxic cells generated action potentials that had irregular beat-tobeat APA and APD dynamics ( Figure 1 and Figure 7 ). We did not observe irregular action potential dynamics in the 18 normal nontreated ventricular muscle cells during regular pacing at cycle lengths of 2,000-280 msec. However, the rate-dependent shortening of APD expected in ventricular muscle cells was regularly observed in all the normal cells studied (Figure 1 ).
Irregular Action Potential Dynamics and Induction of Nondriven Responses
It has been suggested that asynchronous firing and repolarization of cells or groups of cells may generate local excitatory currents that can make reexcitation possible. In two quinidine-toxic preparations, nondriven action potential-like responses were induced during phase three repolarization when the BCL of stimulation reached a critical level within which irregular dynamics are expected to occur. Figure 8 cy.3,5,82425 To gain an insight into the cellular mechanism of APD alternans and aperiodicity, we constructed APD restitution curves in eight quinidine-toxic ventricular muscle cells. Figure 9 illustrates one such experiment. The APD restitution curves obtained were fit by a biexponential equation using a curve-fitting software package (PEAKFIT, Jandel Scientific, Corte Madera, Calif.) ( Figure 9 ). The slope of the APD restitution curve in six of the eight quinidine-toxic fibers was significantly steeper at short diastolic intervals than in control nontreated muscle cells (n=6). The fitted curve showed that the slope of the quinidine-intoxicated APD restitution curve increased to 1 at a diastolic interval of 270 msec and increased further at shorter diastolic intervals. In the control preparation, the slope of the restitution curve was very close to 1 but did not exceed it even at shorter diastolic intervals.
Superfusion with quinidine-free Tyrode's solution for 3 hours partially reversed the quinidine effect and restored the slope of the APD restitution curve to values near normal. At this time, stimulation of the partially recovered tissues failed to induce any of the dynamic behaviors that were observed before quinidine washout.
Analytic Solution
To determine whether the increase in the slope of the APD restitution curve could cause aperiodic activity of the sort observed in the present study, we iterated the biexponential curve using the values obtained from the fitting. Figure 10 APD(i+ )=A -(B*e(-DI/un))-(B2*e APDj1l is the APD of interest, DI is the diastolic interval before the APD of interest, and A, B1, 1, and r2 are the coefficients obtained from the curve-fitting procedure of the APD restitution curve. The values of the constants are presented in Table 3 .
Alternans of the observed experimental data occurred at a longer diastolic interval than the theoretical model ( Figure 11 ). This suggests that in addition to the diastolic interval and the slope factor, other mecha- nisms may be involved in the genesis of rate-dependent APD dynamics. Discussion Our results demonstrate that antiarrhythmic drug toxicity increases beat-to-beat variability in APD and APA during periodic stimulation and therefore causes temporal and spatial nonuniformities in action potentials. These observations are comparable with earlier experimental reports using cardiac tissue exposed to Diastolic Interval (msec) FIGURE 9 . Action potential duration (AP curves of a control nontreated ventricular mu. curve) and that of a ventricular muscle cell is quinidine-intoxicated dog (dotted curve). The tained by fitting the data by a biexponential equ for details). The irregular behavior induced by quinidine adds further experimental evidence that cardiac cells behave as "nonlinear dynamical systems."27 The action potential dynamics induced by quinidine closely resemble the dynamics observed in cardiac cells exposed to a variety of stressful conditions including low temperature, the electrical uncoupler heptanol, and rapid pacing. 3, [5] [6] [7] Arrhythmic Consequences of Cellular Bifurcation Dynamics
The irregular action potential dynamics of quinidine--------------s toxic cells could create spatial and temporal inhomogeneities in repolarization and conduction in the ventricles. The overall similarity in BCL at which arrhythmias developed in vivo (BCL, 500 msec) and the BCLs at which irregular APD dynamics occurred in vitro (average BCL, 625 msec) suggests a probable link between the occurrence of irregular APD dynamics and arrhythmias in the intact heart. These irregular APD dynamics may facilitate reentry either by the mechanism of reflection23,2" or by the mechanism of circus movement 800 10 e resulting from inhomogeneity in conduction. The possibility of an automatic mechanism for the quinidine-induced VT/VF in the intact dogs and in the isolated tissue studies does not seem possible for two reasons. First, in our in vitro studies, we never observed spontaneous diastolic depolarization and/or induced automatic activity either by the mechanism of early or delayed afterdepolarizations in any of the quinidinetoxic cells. We have previously shown30 that low quinidine concentrations (1-2 ,g/mL), low extracellular potassium (2.7 mM), and long cycle lengths of stimulation were required for the induction of early afterdepolarizations. In our vitro studies, induction of nondriven beats arose in the absence of all these three experimental conditions, therefore it is unlikely that the induced Simulation studies using modified Beeler-Reuter cardiac cell models have shown that rate-dependent excitation failure and irregular APA dynamics during regular stimulation could also result from delayed recovery of the sodium current and from L-type calcium currents. 49 We do not know which of these potential ionic mechanisms may be responsible for the induction of these observed dynamic behaviors because quinidine could interact simultaneously with multiple ionic channels and potentially manifest nonspecific ion channel block at high (toxic) concentrations. 32, 50, 51 Clinical Relevance
The tachyarrhythmias that occur during acute ischemia are often preceded by depolarization and repolarization alternans.52,53 One study has shown an increased likelihood of VF occurrence during discordant (out-of-phase) repolarization alternans.54 More recently, abnormal monophasic APD (MAPD) restitution curves resulting from exaggerated APD shortening were observed in patients with ventricular disease and complicating VT. 55 The MAPD restitution curves were altered in diseased areas in these patients, often showing greater steepness compared with curves obtained from normal zones. The greater steepness of APD restitution curves in these patients could cause greater temporal and spatial dispersion of repolarization leading to VT.55 Therefore, MAPD restitution curves56 may allow monitoring antiarrhythmic drug toxicity (proarrhythmia) in humans since MAPD restitution curves with the contact electrode closely resemble transmembrane cellular APD restitution.57 Summary We have shown that ventricular muscle cells isolated from quinidine-induced arrhythmic canine ventricles manifest rate-dependent beat-to-beat changes in APD and APA including phase locking (alternans) and irregular dynamics. The cellular mechanism of the dynamic APD changes could be analytically described by quinidine-induced increase of the slope of the restitution curve, whereas the mechanism of quinidine-induced APA dynamics remains undefined. These dynamic cellular spatiotemporal nonuniformities that can be explained with a reasonable degree of certainty using arguments based on nonlinear dynamics provide new insights into the origin of drug-induced proarrhythmia and offer a novel cellular dynamic mechanism for sudden cardiac death caused by VT/VF.
